Bry. Div. Evo. 40 (2): 055-067 ISSN 2381-9677 (print edition)
http://www.mapress.com/j/bde Q t . l BRYOPHYTE Vo rion
Copyright © 2018 Magnolia Press r lc e ISSN 2381-9685 (online edition)

https://doi.org/10.11646/bde.40.2.4

Divergence time analyses suggest a Miocene origin of the narrow Amazonian
endemic rheophytic Ceratolejeunea temnantha (Spruce) Reiner-Drehwald
(Porellales, Lejeuneaceae)

ADRIEL M. SIERRA!??, JULIA BECHTELER*, DOMINGOS CARDOSO?’, CHARLES E. ZARTMAN" & JUAN

CARLOS VILLARREAL?3

! Instituto Nacional de Pesquisas da Amazdnia, Departamento de Biodiversidade, Av. André Araiijo Aleixo, Caixa Postal 478, 69060001
Manaus, Brazil.

2 Département de Biologie, Université Laval, Québec, Canada

3 Institut de Biologie Intégrative et dés Systémes (IBIS), Université Laval, Québec, Canada

* Nees Institute for Biodiversity of Plants, University of Bonn, Bonn, Germany

3 Instituto de Biologia, Universidade Federal da Bahia (UFBA), Rua de Bardo de Jeremoabo, s.n., Ondina, 40170-115, Salvador, Bahia,
Brazil

*e-mail corresponding author: chaszartman@gmail.com

Abstract

The recent rediscovery of the rheophytic endemic Ceratolejeunea temnantha ~130 years after its original description, on the
upper Rio Negro in the Brazilian Amazon, has enabled the assessment of its enigmatic phylogenetic position, estimates of
its divergence time, and updates on its distribution and potential habitat threats. Phylogenetic analyses strongly supported its
placement in the genus Ceratolejeunea in a geographically disparate clade including a Madagascar endemic C. saroltae and
two Neotropical taxa, C. confisa and C. caducifolia. Divergence time estimates date the clade’s stem age to the late Miocene
(8.92 [HPD: 12.39-6.04] Ma) offering further evidence that the evolution of rheophytes in northern South America is cor-
related with the expansion of cryptogams into novel ecological niches promoted by dramatic landscape changes during the
Miocene. Major geomorphological and hydrological transformations contributing to such diversification are most likely the
changing dynamics of the inundated mega lake system to the establishment of the Amazon River due to the Andean orogeny
and the subsequent cessation of marine influences in the north-western portion of the Basin. Until recently, this rheophyte of
seasonally inundated black-water forests was only known from its type collection from the Rio Negro near Sdo Gabriel da
Cachoeira (Brazil) as described by Richard Spruce in 1884. These new collections extend the distribution of this rare narrow
endemic to the middle Rio Uaupés, a tributary of the upper Rio Negro near the Columbian border.

Keywords: Amazon, black-water flooded forests, landscape evolution, liverworts, Igapd, Lejeuneaceae, Pebas mega-wet-
land

Introduction

Neotenic and atypical morphologies common among the Lejeuneaceae have traditionally hampered the understanding
of phylogenetic relationships in this family, thus necessitating the use of molecular data to verify infra-familial
relationships (Gradstein et al. 2006, 2011, Wilson et al. 2007a, Heinrichs et al. 2012, 2013, Yu et al. 2014). For
example, rtheophytic Lejeuneaceae display extreme cases of morphological (e.g., creeping rhizomes and thick stems)
and phenological adaptations (e.g., high sexual expression) most likely attributable to adaptations imposed by the
mechanical and environmental stresses of the ecologically demands of surviving in aquatic and seasonally flooded
habitats (Gradstein et al. 2011, Thiers 1984, 1988). Rheophytism has indeed evolved independently among liverworts,
mosses and hornworts (Gradstein et al. 2001, Shevock et al. 2017). In Neotropical liverworts, the Lejeuneaceae
presents examples of convergent evolution in riparian habitats, and such cases are best illustrated in taxa occurring in
the northern Andes and the Amazon basin (Gradstein et al. 2001, Reiner-Drehwald & Weis 2001, Gradstein & Costa
2003, Gradstein et al. 2011, Reiner-Drewald 2011, Bastos 2017, Heinrichs et al. 2012, 2013).

For example, an extreme case of rheophytic adaptation in Lejeuneaceae is observed in Colura irrorata (Spruce
1884) Heinrichs, Y. Yu, Schif.-Verw. & Pécs (2012) which has long received attention due to its unusual morphology
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(Spruce 1884, Thiers 1984, Gradstein et al. 2004). This species is presently known from two localities (Topo river in
Ecuador and Numpatakaima river in Peru), and its restricted distribution might be associated to the geological granite
intrusions of Jurassic age substrates of the Andes (Gradstein et al. 2004, Gradstein & Benitez 2014). A molecular
study based on two plastid and one nuclear marker nested this odd rheophytic liverwort in Colura (Dumort. 1831)
Dumort. (1835) as sister to the widespread Colura calyptrifolia (Hook. 1813) Dumort. (1835). However, both species
display contrasting morphologies and diverged relatively recently (~7-30 Ma; Laenen et al. 2014) suggesting rapid
morphological rearrangement due to selection from ecologically divergent habitats (Heinrichs ef al. 2012).

Another rheophytic species from the northern Andes, Lejeunea topoensis Gradst. & M.E. Reiner (2007), likewise,
shows a relatively recent divergence time of ~10 Ma (Heinrichs ef al. 2016). However, considering that only 57 out
of more than the 400 accepted species of Lejeunea Libert (1820) (Soderstrom et al. 2016, Heinrichs ef al. 2016) have
been sampled, it could be that this age estimate does not accurately reflect its evolutionary history. Despite information
on the phylogenetic placement and divergence times for these taxa, few studies have yet to directly assess the potential
ecological and evolutionary causes of rheophytism (Heinrichs ez al. 2012, Heinrichs et al. 2013, Gradstein et al. 2011).
These age estimates, which range from the Oligocene to the early Pliocene, indeed correspond to an epoch of major
geological change in northern South America (Shepard et al. 2010), which has duly been independently correlated
with accelerated diversification rates of disparate lineages of plants and animals in this region (Antonelli & Sanmartin
2011, Hoorn et al. 2010). However, estimates of age diversification of liverwort species in northern South America,
particularly those of extreme habitats, are relatively scarce calling for studies to address the role of landscape change
on the diversification of cryptic yet ecologically important plants groups, such as the Lejeuneaceae, in the Amazon.

The genus Ceratolejeunea (Spruce 1884) J.B. Jack & Steph. (1892) has ca. 40 species worldwide, and species
occur as epiphytes, epiphylls and rheophytes in tropical forests (Dauphin 2003, Reiner-Drewald 2011). A recent dated
phylogeny of Ceratolejeunea involving twenty of the forty accepted species across the Neo-and Paleotropics, provided
an initial framework for the natural classification of the genus (Scheben et al. 2016). Furthermore, the study points to
a Neotropical origin of the genus with recurrent dispersal events and subsequent expansions to other continents from
the late Oligocene to Pleistocene (Scheben ef al. 2016). However, to get to know more about the evolutionary history
of Ceratolejeunea the investigation of further taxa is needed for a better understanding of the diversification processes
in this ecologically important liverwort genus.

In Hepaticae Amazonicae and Andinae, Richard Spruce described the basionym Lejeunea temnantha Spruce
(1884) along with other rheophytic Lejeuneaceae under Lejeunea subgen. Potamolejeunea Spruce (1884). Recently,
this species was transferred to Ceratolejeunea, based on its dark color, brown middle lamella of the leaf cell walls,
presence of ocelli, pycnolejeuneoid-innovations, and perianths with 4-5 keels extending into short horns (Reiner-
Drehwald 2011). However, this species was, until recently, only known from the type collection (Spruce 1884) along
seasonally inundated banks of the upper Rio Negro: the largest black-water tributary of the Amazon Basin. In December
0f 2017, during a collecting excursion conducted by several of the co-authors multiple populations of this species were
relocated along the banks of the Rio Negro and Rio Uaupés near the town of Sdo Gabriel da Cachoeira located west of
Manaus, the capital of the Brazilian State of Amazonas (Figure 1).

The re-discovery of Ceratolejeunea temnantha offers the opportunity, using an available dated phylogeny, to
provide a temporal and phylogenetic framework for the evolution of this rheophyte as well as other rare species of
similar habitats in the Amazon Basin: black-water forests (referred to as /gapé in local parlance). Specifically, we
aim to: i) elucidate the phylogenetic relationship of the only known rheophytic species in the genus Ceratolejeunea,
ii) estimate the age of divergence of the species in the context of Amazonian ecological and species diversity, and iii)
update the current distribution of the species.

Material and Methods

Taxon sampling

To determine the phylogenetic relationship of the only rheophytic species in the genus Ceratolejeunea, sequences from
two accessions of C. temnantha were generated (Table 1). Furthermore, we include sixty-one accessions downloaded
from GenBank (http://www.ncbi.nlm.nih.gov/genbank/) representing twenty-three species in our molecular dataset.
The species Luteolejeunea herzogii (Buchloh 1961) Piippo (1986) was used as the outgroup taxon, based on previous
studies (Wilson et al. 2007, Scheben et al. 2016). Species names, voucher information and GenBank accession numbers
for all sequences are listed in Supplementary Table 1.
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FIGURE 1. Population distribution of Ceratolejeunea temnantha: around the type locality on the Upper Rio Negro near Sao Gabriel da

Cachoeira City (Diamond ¢) and newly recorded population along the Rio Uaupés in Brazil, Amazonas (Triangle A).

TABLE 1. Sequences used in this study, including species names, voucher information and GenBank accession numbers.

Species Voucher information rbecL trnL ITS
Ceratolejeunea temnantha (Spruce) M.E.Reiner Brazil. Amazonas. Sierra MKO061421 MKO061417 MKO061419
A.M. 5062

Ceratolejeunea temnantha (Spruce) M.E.Reiner Brazil. Amazonas. Sierra MK061422 MKO061418 MKO061420
A.M. 5083

DNA extraction, PCR amplification and sequencing

Total genomic DNA was extracted from fresh plant tissue using DNeasy Plant Mini Kits (Qiagen, Hilden, Germany).
Polymerase chain reaction (PCR) was carried out to amplify three molecular markers: the plastid regions rbcL and
trnL-F, and the nuclear ribosomal internal transcribed spacer (ITS) region, nrITS1-5.8S-ITS2 (Hartmann et al. 2000,
Gradstein et al. 2006). Sequencing primers were the same as those used for the PCR reactions. Alignment for each
nuclear and plastid marker was executed separately using Geneious 5.6.6 multiple alignment with 65% (Biomatters
Ltd, Auckland, New Zealand), using default settings and subsequent manual verification. The three molecular markers
were concatenated consisting of a matrix of 2,843 nucleotides, and upon exclusion of ambiguous sites a total of 2,498
characters where then used in downstream phylogenetic analyses.

Phylogenetic analyses

Maximum parsimony (MP) analyses were carried out with PAUP* 4.0a146 (Swofford 2000). MP heuristic searches
were conducted with the following options: heuristic searches mode 1,000 random-addition-sequence replicates,
tree bisection-reconnection (TBR) branch swapping with multiple trees saved. All characters were treated as equally
weighted and unordered.

The software Partition Finder (Lanfear et al. 2016) was used to select the best partition schemes and evolution
models for the three molecular markers. For rbcL we selected the best partition scheme by codons, which indicate
the GTR+I+I" model for the 1% and 2™ positions and the GTR+T for the 3™ position. For the #znL-F including the trnL
intron and the trnL-F spacer, as well for the ITS region the GTR+I+I" was specified as the best model. Maximum
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Likelihood (ML) analyses were performed with the program RAxML-Blackbox using 1000 bootstrap pseudoreplicates
(Stamatakis 2016) under the Gama model of rate heterogeneity. A 50% majority rule consensus tree was computed
from the 1,000 bootstrapping pseudoreplicates with PAUP (Swofford 2000). The result was visualized in FigTree
v1.4.3 (Rambaut 2014), and bootstrap values (MLB) > 70 were regarded as moderate and > 80 as good support (Erixon
et al. 2003).

Bayesian inference (BI) was performed using MrBayes v.3.2.6 (Ronquist & Huelsenbeck 2003) and computations
using the Cipres Science Gateway (Miller et al. 2010). For the BI analysis, the models of evolution selected by Partition
finder (Lanfear et al. 2016) were defined for each partition. Default priors of model parameters were also defined for
each partition. Two parallel Markov Chain Monte Carlo (MCMC) runs together adding up to ten million generations
were conducted each run containing eight chains with default priors on most parameters. Trees and estimated parameter
values were sampled every 1,000 generations, thus obtaining a total of 10,000 samples from which the first 1,000
(10%) were discarded as burn-in. Burn-in and convergence of runs were checked using Tracer 1.6 (Rambaut et al.
2014). A majority-rule consensus tree was computed to calculate the Bayesian posterior probability (BPP), which
values of BPP > 0.95 were considered as significant.

Molecular clock dating

We used an internal fossil calibration (Heinrichs et al. 2015) in combination with a secondary calibration on the root of
the tree (Feldberg et al. 2014, Scheben et al. 2016) to evaluate the divergence time within Ceratolejeunea. The fossil
Ceratolejeunea sublaetefusca Heinrichs, Pocs & Schaf.-Verw. (2015) (Heinrichs et al. 2015) is a Miocene Mexican
amber fossil contemporary to Dominican amber fossils (Solorzano Kraemer 2007) dated to 15-20 Ma (Iturralde-
Vinent & MacPhee 1996). We placed the fossil on the stem of the clade containing the extant C. laetefusca (Austin
1876) R.M. Schust. (1956) which is morphologically similar to the fossil (Heinrichs et al. 2015). As suggested by
Scheben et al. (2016), we used a lognormal distribution (offset: 14.5, mean: 1, SD: 1; 95% interval: 15-28.6 Ma). The
divergence between Luteolejeunea Piippo (1986) and Ceratolejeunea is dated to 36 Ma (SD: 5) (Feldberg et al. 2014)
using a normal distribution following Scheben et al. (2016). All other priors were left as default values.

We selected thirty-two accessions which represent a total of twenty Ceratolejeunea species and the out-group,
considering their provenance and phylogenetic position. We included the species Ceratolejeunea minuta Dauphin
(2003), C. desciscens (Sande Lac. 1856) Schiftn. (1893), C. confusa R.M.Schust. (1956), and C. coarina (Gottsche
1845) Schiffn. (1893), with 1-2 markers missing, since small proportion of missing data would not affect the divergence
time estimates (Zheng & Wiens 2015).

Divergence times were estimated using BEAST v1.8.4 (Drummond et al. 2012) and a pure-birth Yule prior and
the previous described substitution model with unlinked data partition for the three markers. The analyses used an
uncorrelated log-normal relaxed clock model (Drummond et al. 2006). Markov chain Monte Carlo (MCMC) was run
for 650 million generations with parameters sampled every 10,000 generations.

The convergence point was estimated by examining the three independent log files in Tracer 1.6 (Rambaut et
al. 2014) to confirm that separate analyses converged on the same result. Effective sample size values > 200 were
regarded as good sampling, indicating that the parameter space had been sampled sufficiently for valid parameter
estimation. Runs converged around 50 million generations. The initial 10% of trees were discarded as burn-in and a
maximum clade credibility tree with mean node heights was constructed from the remaining trees with TreeAnnotator
1.8.2 (part of the BEAST package) and visualized with Figtree v1.4.3 (Rambaut 2014). An additional analysis with an
empty alignment was run to test the influence of the priors on posterior distributions. We report mean ages and the 95%
high posterior density (HPD) values.

Morphological and ecological observations

Fresh samples of Ceratolejeunea temnantha were studied using a light microscope equipped with a digital camera.
Oil bodies were observed from selected samples of Ceratolejeunea temnantha. Geographical and ecological data were
gathered based on field observations where populations were relocated along the Rio Negro and Rio Uaupés.

Results

All phylogenetic analyses (MP, ML and BI) show congruent topologies which only differed in the degree of support for
some clades. From the concatenated data analysed (2,498), 1,868 characters were constant (proportion=0.74), and 216
variable characters were parsimony-uninformative while 414 were parsimony-informative characters (Table 2).
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FIGURE 2. Majority rule consensus tree from Bayesian inference of the genus Ceratolejeunea based on three nuclear and plastid markers.
ML bootstrap values > 50 and Bayesian posterior probability values > 0.95 are depicted on branches. The clade of Ceratolejeunea

temnantha is highlighted in grey.
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TABLE 2. Summary of phylogenetic constant and parsimony informative characters for the concatenated alignment of the three

markers.
Markers Characters Constant Proportion Parsimony-uninformative ~ Parsimony informative
rbcL 921 841 0.91 40 40
trnL 469 384 0.81 31 54
ITS 1108 643 0.58 145 320
Complete 2498 1868 0.74 216 414

Ceratolejeunea temnantha is firmly placed within the genus Ceratolejeunea (Figure 2). Both accessions of C.
temnantha form part of a clade (MP=100, MLB=100, BPP=1.00) including the Neotropical species C. caducifolia
(Spruce 1884) Steph. (1913) and C. confusa, and the Madagascar endemic Ceratolejeunea saroltae Pocs (2011).
The relationship among these species within the well supported clade was not supported by ML and BI analyses as
they were recovered in a polytomy (Figure 2). The result of MP placed the accessions of C. temnantha as sister to C.
saroltae, C. confusa and C. caducifolia with total support (MP=100) (Supplementary Figure 1). In all analyses, the
clade with C. temnantha is found sister to a clade consisting of C. globulifera Herzog (1942), C. grandiloba J.B. Jack
& Steph. (1892), and C. desciscens.

Using both calibrations, the crown age of the genus Ceratolejeunea is 33.94 [95% HPD: 26.37-42.23] Ma (Table
3). The most recent ancestor of the rheophytic species (stem age) dates to 8.92 [6.04—12.39] Ma, and the crown age
to 0.21 Ma [95% HPD: 0.004-0.62] Ma (Figure 3). Morphological observations (Figure 4) and ecological notes for
Ceratolejeunea temnantha are given in the description section below.

TABLE 3. Divergence time estimates under a relaxed clock for nodes of interest in Ceratolejeunea. Age estimates are in millions of years
before present (Ma). The 95% highest posterior density (HPD) intervals (in square brackets) and Bayesian posterior probability support
values are given for each node of interest (BPP) Node numbers correspond to Figure 3.

Node Estimated divergence time in millions of years ago/before present with 95% HPD

1 (BPP=1.0) 42.21[31.02, 56.41]
2 (BPP=1.0) 33.94[26.37,42.23]
3 (BPP=0.99) 24.23[19.19, 31.17]
4 (BPP=1.0) 15.54 [11.50, 20.73]
5 (BPP=0.99) 20.37[16.46,26.27]
6 (BPP=0.87) 16.85 [14.63, 21.46]
7 (BPP=0.66) 18.69 [14.73, 24.45]
8 (BPP=1.0) 8.64 [6.40, 11.57]

9 (BPP=1.0) 8.92 [6.04, 12.39]

10 (BPP=1.0) 0.21 [0.004-0.62]

Discussion

Phylogenetic affinities of Ceratolejeunea temnantha
Traditionally the genus Ceratolejeunea has been classified in two subgenera (Dauphin 2003, Schuster 1978, 1956).
Ceratolejeunea subgen. Ceratophora R.M. Schust. (1956) is characterized by entire underleaves and boulbous perianth
horns, and C. subgen. Ceratolejeunea R.M. Schust. (1978) is characterized by bifid underleaves and variable perianth
horns. However, these subgeneric classifications are not monophyletic (Scheben et al. 2016). Ceratolejeunea temnantha
was placed in C. subgen. Ceratolejeunea according to its morphology (Reiner-Drehwald 2011), and results herein
resolved it with strong support in a clade sister to some taxa traditionally considered in C. subgenus Ceratophora.
Our results indicate that Ceratolejeunea temnantha is related to the Neotropical species C. caducifolia, and C.
confusa as well as the Madagascar endemic C. saroltae. Interestingly, these species have perianths with indistinct
or short horns, also found in C. minuta, resolved in a separate monophyletic clade. Ceratolejeunea temnantha
morphologically resembles to the epiphytic C. confusa which occurs sympatrically in Rio Negro. The abundance of
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fertile plants is only observed in two of the species in this clade: C. temnantha and C. saroltae. However, C. saroltae
occurs as an epiphyll and an epiphyte in montane forests of Madagascar (Pocs 2011), in contrast to C. temnantha,
which is restricted to Amazonian lowland black-water rivers. Nevertheless, the phylogenetic relationships within the
clade including C. caducifolia, C. confusa, C. temnantha and C. saroltae are not resolved with our dataset.
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FIGURE 3. Chronogram of the divergence time analysis of the genus Ceratolejeunea inferred from nuclear and plastid DNA, under a
relaxed clock model calibrated with a fossil and secondary calibration. Highlighted in grey is the 95% highest posterior density (HPD)
interval of Ceratolejeunea temnantha. Bars at nodes indicate 95% HPD intervals around node ages.

Divergence time of Ceratolejeunea temnantha and evolution of rheophytism in Lejeuneaceae

Our results (Table 3) corroborate with previous divergence time estimates for the genus Ceratolejeunea as originating
during the Paleogene, and most diversification occurring during the Oligocene and Miocene (Scheben et al. 2016). The
divergence time of the most recent ancestor of Ceratolejeunea temnantha was dated at 8.92 [HPD: 6.04—12.39] Ma
coinciding with the end of the most intense peaks of the northern Andean orogeny: the late-middle Miocene [~12 Ma]
to the early Pliocene [~4.5 Ma](Hoorn et al. 2017). During the Paleogene [65—34 Mal], plate tectonic changes caused
the uplift of the central and northern Andes. The northern Andes cordillera results from two orogeny events, one by the
late Oligocene to early Miocene [~23 Ma], and a second during the late middle Miocene to early Pliocene (Shepard et
al. 2010; Hoorn et al. 2010). Parallel to the uplift of the Andes, the formation of a vast expanse of wetlands, known as
the Pebas mega-wetland system (Hoorn et al. 2010), consisting of shallow lakes and swamps developed across western
Amazonia which experienced two major marine influx intervals during the Miocene (Jaramillo ef al. 2017).
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The uplift of the central and northern Andes dramatically modified the topography and, subsequently, the
hydrological dynamics of the Amazon Basin. These changes included reversal drainages of the Amazon River as well
as the retraction of the Pebas mega-wetland in western Amazonia (Shepard et al. 2010). Such geological phenomena
drove rapid diversification in western Amazonia among disparate plant and animal lineages that contributed significantly
to the present mega diversity of the Amazon Basin (Antonelli & Sanmartin 2011, Hoorn et al. 2010). Divergence time
estimates for C. temnantha indeed corroborate with the notion that this rheophytic bryophyte evolved in a period when
hydrological conditions changed dramatically and when salinity levels, an aquatic environment uninhabited by extant
bryophytes, would have fallen for the final time (Jaramillo et al. 2017). A dated phylogeny of two other rheophytic
bryophytes restricted to the northern Andes (Heinrichs et al. 2012, 2013) also correlates the evolution of rheophytism
in bryophytes with massive landscape changes during the Miocene. Although, the precise geological and evolutionary
processes contributing to the origin of neotropical biodiversity is still incipient, there is mounting evidence pointing to
the Amazonian basin as the cradle of diversification for this entire region (Antonelli et al. 2018).

Indeed, species with restricted distributions across northern South America could be used to address the assembly
of diversity across evolutionary time scales in this biogeographical region. Further investigation including other
rheophytic taxa from phylogenetically independent lineages would be necessary to correlate the advent of theophytism
with the uplift of the Andes and subsequent drainage changes imposed on the Amazon Basin during the Miocene [e.g.,
Cololejeunea stoteleriana Gradst., Ilk.-Borg. & Vanderp. (2011), Schusterolejeunea inundata (Spruce 1884) Grolle
(1980), Cephalantholejeunea temnnanthoides R.M.Schust. (1980), Cheilolejeunea polystachya (Spruce 1884) Gradst.
& llk.-Borg. (2009)]

Rediscovery of the rheophytic endemic C. temnantha and its conservation status

Ceratolejeunea temnantha represents another rheophytic species rediscovered ~130 years after its original description
(Spruce 1885; Bastos 2017, Gradstein et al. 2004, Gradstein & Benitez 2014). Recent studies point out that several
endemic species from the upper Rio Negro are only locally abundant but with a restricted distribution (Gradstein et
al. 2001, Pocs 2002). This may explain why such species have rarely been collected, as the upper Rio Negro region
remains nearly unexplored.

We collected Ceratolejeunea temnantha in seasonally inundated black-water forest habitats near Sdo Gabriel
da Cachoeira, where Spruce might have gathered the type collection. It is locally abundant forming large mats
on rocks, lower portions of tree trunks, twigs and roots in running water (seasonal habitats) usually growing with
Schusterolejeunea inundata. Three new populations were found along the Rio Uaupés in this type of environment
(Figure 4 A-B), one of which is located approximately 150 km from the Colombian border (Figure 1). Efforts should
be taken to search for this and other rare endemics of the upper Rio Negro along the same tributaries of the Colombian
Amazon.

C. temnantha covers entire roots, tree trunks up to 2 meters high and large area of rocks along the rivers (Rio
Negro and Rio Uaupés). It occurs in rather open areas along river banks and depressions which may be inundated
for months on an annual basis (Figure 4 A-B). Curiously, it occurs patchily in this region perhaps suggesting that
meteorological and hydrological changes for the Amazon Basin predicted by climate change models (Malhi et al.,
2009) place C. temnantha as vulnerable for its conservation status.

Description

Ceratolejeunea temnantha (Spruce) Reiner-Drehwald (Figure 4)
Lejeunea temnantha was described by Spruce, and subsequently illustrated and given the new combination
Ceratolejeunea temnantha by Reiner-Drehwald (2011). It is characterized by its dark to blackish colour in both fresh
and dry condition, cell wall middle lamella brown, presence of 1-2 basal small ocelli in leaf lobes, highly fertile with
gynoecia with pycnolejeuneoid-innovations, perianths with (4—) 5 keels, with the ventral and lateral keels +/-extended
into short horns. Oil bodies 1-5 per leaf cell of the Calypogeia-type: elliptical to spherical, granular (Figure 4 C-D).
Ecology and Distribution. The species Ceratolejeunea temnantha is restricted to seasonally flooded environments
along the Brazilian portion of the upper Rio Negro (Sdo Gabriel da Cachoeira and Rio Uaupés; Figure 1), where it
grows forming large mats on trees trunks and roots, rocks, and soil on flooded habitats (Figure 4 A-B). It was found
growing with Schusterolejeunea inundata, Vitalianthus aphanellus (Spruce 1884) Bechteler, G.E. Lee, Schif.-Verw. &
Heinrichs (2016), and Cheilolejeunea polystachya.
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FIGURE 4. Ceratolejeunea temnantha: A) Rheophytic habit along the Rio Uaupés. Growing on exposed root on seasonal inundated
habitat. B) Rheophytic habit along the Rio Uaupés. Growing with Schusterolejeunea inundata on tree trunk on seasonal inundated habitat.
C) Fertile shoot with antheridial branches and perianth. D) Oil bodies: Calypogeia-type.

Specimens examined: BRAZIL. Amazonas: Sao Gabriel da Cachoeira, Rio Negro, 20 km downstream from the city
Sédo Gabriel da Cachoeira, 00°10°47.5” S 67°01°25.0” W. 16 December 2017, Sierra 4701, 4703, 4704 (INPA). Rio Negro,
downstream from the Sdo Gabriel da Cachoeira city, Cariuari Island, 00°11°45.8 S 67°00°10.9” W. 17 December 2017,
Sierra 4715, 4716, 4718, 4720, 4723, 4724 (INPA). Rio Uaupés, proximo a communidade de Sdo Pedro, 00°06°43.9” N
67°39°19.1” W, 19 December 2017, Sierra 4800 (INPA). Rio Uaupés, Sitio Sdo Paulo, 21 December 2017, Sierra 5015
(INPA, QFA), 5019, 5021, 5024, 5051, 5054, 5055, 5057, 5058, 5059 (INPA), 5056, 5062 (INPA, QFA). Rio Uaupés,
Comunidade de Ananas, 22 December 2017, Sierra 5083 (INPA), 5084 (INPA, QFA).
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